Purified deoxyribonucleic acids (DNAs) of representative strains of nine established serovars of the human mycoplasma Ureaplasma urealyticum and of five strains of Mycoplasma pneumoniae were digested with a variety of restriction endonucleases. The cleavage patterns obtained by electrophoresis of the digestion products separated the nine U. urealyticum serovars into two definite clusters, one consisting of serovars 1 , 3 , and 6 and the other consisting of serovars 2,4, 5, 7 , 8 , and 9, in agreement with previous results obtained by electrophoresis of cell proteins and DNA-DNA hybridization. Although the five M. pneumoniae strains differed in virulence and adherence capacity, they exhibited similar DNA cleavage patterns, indicating a high degree of genetic homogeneity. The enzymes KpnI, XhoI, BamHI, and PstI, which possess guanine-plus-cytosine-rich recognition sequences, cleaved the DNA of U. urealyticum (guanine-plus-cytosine content, about 28 mol%) into a small number of fragments, whereas SmaI, with the recognition sequence CCClGGG, failed to cleave U. urealyticum DNA into visibly distinct fragments. The same restriction enzymes produced multiband cleavage patterns with M . pneumoniae DNA, which has a guanine-plus-cytosine content of about 40 mol%. Restriction endonucleases EcoRI, HindIII, HpaI, and XbaI, which have recognition sequences rich in adenine plus thymine, produced multiband patterns with the DNAs of both U . urealyticum and M . pneumoniae. We concluded that the cleavage patterns of mycoplasmal DNAs digested with restriction endonucleases provide a means for determining genetic relatedness among mycoplasmas.
Classification of mycoplasmas and of procaryotes in general has been based mostly on phenotypic characteristics, including morphological, biochemical, and serological characteristics. A more direct approach to the study of genetic relatedness among mycoplasmas and other procaryotes involves analyses of deoxyribonucleic acid (DNA) base compositions and nucleotide sequences. DNA base composition analysis has been included among the tests required for definition of new mycoplasma species (10). However, DNA base composition by itself is not sufficient for determining genetic relatedness, although it may indicate unrelatedness among species and strains. The nucleotide sequence in a bacterial chromosome is the crucial factor which determines genetic relatedness. To assess nucleotide sequences in mycoplasmas, a variety of DNA-DNA hybridization tests have been used (7, 21). The availability of restriction endonucleases, which recognize specific nucleotide sequences in DNA molecules, may provide a new approach for assessing genetic relatedness among procaryotes. The use of the EcoRI cleavage patterns of mycoplasmal DNA as a taxonomic aid was proposed by Bove and Saillard (4). However, this idea has not been developed very far, probably due to the difficulties encountered in the application of this method to the identification of Spiroplasma citri strains, many of which harbor extrachromosomal DNA of viral or plasmid origin (4). The inconsistent presence of extrachromosomal DNA in spiroplasmas (16) introduces variability in the cleavage patterns of whole-cell DNAs, hampering the use of these patterns for differentiation.
To evaluate more critically the potential contribution of restriction endonucleases to the characterization of mycoplasma genomes, we analyzed the DNAs of nine serovars of Ureaplasma urealyticum and five strains of Mycoplasma pneumoniae. The reasons why we used these organisms stem from the facts that the taxonomic status of U. urealyticum strains is still not clear (20) and that these strains apparently lack extrachromosomal DNA (Harasawa and Bade, J. Biol. Med., in press). Moreover, recent studies have provided detailed electrophoretic patterns of cell proteins (9, 13,19) and DNA-DNA homology data (7) for the U. urealyticurn serovars, enabling a comparison of the results obtained by the restriction endonucleases technology with those obtained by the other methods. The M . pneumoniae strains were chosen for study because they differed in in vitro passage level, pathogenicity for hamsters, and ability to adsorb to cells and to inert surfaces.
MATERIALS AND METHODS
Organisms and growth conditions. Strains of serovars 1 to 8 of U . urealyticum were obtained from M. C. Shepard, Camp LeJeune, N.C., and a U. ureafyticum serovar 9 strain was obtained from J. A. Robertson, University of Alberta, Edmonton, Canada. These organisms were grown in 1-liter batches of PPLO broth (Difco Laboratories, Detroit, Mich.) supplemented with 10% unheated horse serum, 5% fresh yeast extract (Flow Laboratories, Inc., McLean, Va.) , 7 mM urea, and 1, OOO U of penicillin G per ml. The cultures were harvested after 20 to 24 h of incubation at 37"C, when the pH of the medium reached a value of about 7.4 (the initial pH was about 6.5). A pellet was obtained by centrifugation of a culture in the cold at 12,000 x g for 40 min, and each pellet was washed once with TE buffer, which contained 50 mM tris(hydroxymethy1)aminomethane (Tris) (pH 8.0) and 10 mM ethylenediaminetetraacetate in water. M . pneumoniue strains FH (passage level, more than 300) and PI-1428 {passage level, 5 to 15; pathogenic for humans and hamsters) were obtained from R. M. Chanock, (National Institutes of Health, Bethesda, Md.), and M. pneumoniae strains MAC (passage level, more than 300), M129 (passage level, 5 to 15; pathogenic for hamsters), and B176 (avirulent and nonadherent; derived from strain M129 by multiple in vitro passages) were obtained from A. M. Collier, University of North Carolina, Chapel Hill. The organisms were grown in Roux bottles containing 70 ml of broth (8) supplemented with 10% yeast extract and 20% horse serum (Flow Laboratories). The bottles were incubated horizontally at 37°C for 4 to 5 days, and the organisms which had attached to the glass were scraped off into the medium, collected by centrifugation at 10, OOO x g for 40 min, and washed twice with TE buffer.
Extraction and purification of DNA. The washed cell pellet was suspended in 0.1 ml of TE buffer, and the organisms were lysed by adding 1 ml of 1% (wtlvol) sodium dodecyl sulfate in TE buffer. The lysate was treated for 30 min at 37°C with preheated ribonuclease A (Worthington Diagnostics, Freehold, N.J.) at a final concentration of 50 k,s/ml and then for 60 min at 37°C with proteinase K (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) at a concentration of 100 p.g/ ml. The sodium dodecyl sulfate in the lysate was then precipitated by adding 100 pl of 5 M potassium acetate and incubating the preparation in ice for 30 min. The precipitate was sedimented by centrifugation at 15,000 rpm for 10 min in an Eppendorf microcentrifuge. The resulting supernatant was transferred to another microcentrifuge tube and mixed with an equal volume of redistilled phenol-chloroform (1 :1 , vol/vol). The aqueous phase was separated by centrifugation at 15,000 rpm for 15 min in the microcentrifuge, and the DNA was precipitated by adding 2 volumes of cold ethanol. The DNA precipitate was collected by centrifugation for 5 min in the microcentrifuge. The DNA pellet was dried under a vacuum and dissolved in a small volume (25 to 100 pl) of 10 mM Tris (pH 7.5) containing 1 mM sodium ethylenediaminetetraacetate. A sample (5 1. 1) of the DNA solution was diluted with 0.6 ml of phosphate-buffered saline, and the absorbance was measured at 260 and 280 nm. The ratios of absorbance at 260 nm to absorbance at 280 nm were about 1.7 to 2.0.
Digestion with restriction endonucleases. The restriction endonucleases used were products of New England Biolabs (Beverley, Mass.). Each reaction mixture (total volume, 20 PI). contained about 5 pg of mycoplasmal DNA and 50 to 60 U of the endonuclease being tested, plus 10 mM Tris-hydrochloride (pH 7.5), 10 mM MgS04, and 50 mM NaCl for digestions with BamHI, PstI, and Hind111 and 50 mM Tris-hydrochloride (pH 7.3, 10 mM MgS04, and 100 mM NaCl for digestions with EcoRI, XbaI, and XhoI. For digestions with HpaI and KpnI, the salt solution contained 10 mM Tris-hydrochloride (pH 7.5) and 10 mM MgS04, and for digestions with SmaI the solution contained 10 mM Tris-hydrochloride (pH 7 . 9 , 10 mM MgS04, and 20 mM KCl. A reaction mixture containing the endonuclease being tested, the appropriate salt solution, and 1 pg of phage lambda DNA (Bethesda Research Laboratories, Gaithersburg, Md.) was used as a control for each enzyme activity. Digestions were camed out at 37°C for 60 min. The reaction was stopped by adding 2 pl of a tracking dye solution consisting of 0.07% (wtlvol) bromophenol blue, 7% (wthol) sodium dodecyl sulfate, and 33% (volhol) glycerol in water.
Electrophoresis. The total volume of each reaction mixture was subjected to electrophoresis in slabs made of 1.0% (wthol) agarose (type 1; low medium electroendomosis; Sigma Chemical Co., St. Louis, Mo.) prepared in Tris-borate buffer (89 mM Tris, pH 8.2,2.5 mM disodium ethylenediaminetetraacetate, 89 mM boric acid), which was also used as the electrophoresis buffer (12). A vertical electrophoresis apparatus (model V16; Bethesda Research Laboratories) was used at 100 V for about 3 h, until the dye marker reached the bottom of the gel. The gel was stained for 15 min with ethidium bromide (0.4 pg/ml) and photographed under ultraviplet light (model C-61 ChromatoVue transilluminator; Ultra-Violet Products, San Gabriel, Calif.) by using Polaroid type 55 P/N film and a Polaroid model MP-4 land camera with an orange filter. A control preparation of undigested DNA with no restriction endonuclease from each mycoplasma was also subjected to electrophoresis to detect possible extrachromosomal DNA. Only one chromosomal band was observed, and there was no evidence of extrachromosomal bands as determined by the electrophoretic procedure used.
RESULTS
The numbers of cleavage bands revealed by agarose gel electrophoresis of U. urealyticum VOL. 33, 1983 MYCOPLASMA CHROMOSOME CLEAVAGE PATTERNS 203 and M. pneumoniae DNAs digested with restriction endonucleases are shown in Table 1 . Generally, the numbers of bands produced from U.
urealyticum DNA were less with enzymes having recognition sequences rich in guanine plus cytosine (G+C) than with enzymes having recognition sequences rich in adenine plus thymine. SmaI, which has a recognition sequence of CCC/GGG, was the extreme case; no visible evidence of cleavage by this enzyme was obtained with U. urealyticum DNA. On the other hand, the DNAs of the M: pneumoniae strains were cleaved at many sites by the enzymes with G + C-rich recognition sequences, including SmaI (Table 1) . Figures 1 through 4 show that the cleavage patterns of the nine U. urealyticum serovars fell into two distinct groups, one common to serovars 1, 3, and 6 and the other common to serovars 2, 4, 5, 7, 8, and 9. The cleavage patterns within each of these two clusters were almost identical, apart from a few cases in which a band was missing in one or more of the serovars. Thus, after digestion with XhoI, serovars 2 and 5 differed from serovars 4 , 7 , 8 , and 9 in lacking the single cleavage band observed in the latter group of serovars (Fig. 1) . The cleavage patterns obtained with PstI (Fig. 3) showed that serovar 3 lacked one of the bands found in the patterns for serovars 1 and 6 of the first cluster, whereas serovar 5 lacked one of the bands characterizing the other serovars of the second cluster. In contrast to the findings with the U. urealyticum serovars, the cleavage patterns of the digested DNAs of the five M . pneumoniae strains were almost identical, although we did observe a lack of one or two bands with some of the restriction enzymes in some of the strains (Fig. 5 and 6 ).
The reproducibility of the cleavage patterns was demonstrated by the identical patterns obtained when we tested different DNA preparations from the same strain and changed the batch of the specific restriction endonuclease used. The high reproducibility of our results can also be taken to indicate that under the experimental conditions used by us, digestion of mycoplasmal DNAs as well as digestion of lambda phage DNA, reached completion.
DISCUSSION
The cleavage patterns produced by electrophoresis of the digestion products of mycoplasmal DNAs obtained by digestion with various restriction endonucleases provide valuable information concerning the type and number of specific nucleotide sequences in the mycoplasma chromosome. The restriction endonucleases which we used recognize specific six-nucleotide sequences. The molecular weight of the U. urealyticum genome is 440 x lo6 to 470 x lo6, and that of the M . pneumoniae genome is about 480 x lo6. The G+C content of U. urealyticum DNA is 27.7 to 28.5 mol%, whereas that of M . pneumoniae DNA is about 40 mol% (1-3) . Using the formula of Nei and Li (15), which takes into consideration the genome size and the G+C content of the genome, as well as of the recognition site of the restriction enzyme, we arrived at the values for theoretical cleavage sites shown in Table 1 . The low number of visible bands can be explained by the fact that some fragments may migrate together as one band. Moreover, the activities of a number of restriction endonucle- 
FIG. 3.
Cleavage patterns of the DNAs of U. urealyticurn serovars 1 through 7 and 9 and of phage lambda DNA digested with PstI. The cleavage pattern of serovars 1 , 3 , and 6 is different from that of the other serovars (including serovar 8 [not shown]). However, the patterns within each group of serovars differ in one or two bands.
Since the G+C contents of mycoplasma DNAs are typically very low (for most species, the G+C content varies from 23 to 30 mol% [22]), restriction endonucleases with recognition sequences rich in G+C should cut the chromosome at only a few sites producing a few fragments. On the other hand, the chromosome of M. pneumoniae is unique among the mycoplasmas in having a G+C content of about 40 mol%. This is reflected by the much higher sensitivity of this chromosome to cleavage by restriction endonucleases having G + C-rich recognition sequences (Table 1) . In fact, it is possible to utilize the DNA cleavage patterns obtained by using restriction endonucleases having G + C-rich recognition sequences as indicators of the G+C contents of new mycoplasma isolates. Thus, our preliminary data showed that the DNA of a newly discovered human genital mycoplasma (23) was cut by BarnHI into only a few fragments, indicating that this isolate resembles the majority of the mycoplasmas in having a low G+C content.
Our results show that cleavage patterns, which are reproducible and characteristic for the mycoplasma strains which we tested, can serve as an effective means for determining genetic relatedness among strains. Our data illustrate this point most clearly by showing that nine serovars of U. urealyticum cluster in two groups, one comprised of serovars 1, 3, and 6 and the other comprised of serovars 2,4,5,7,8, and 9. These two clusters are identical to the clusters identified by an analysis of the electrophoretic patterns of cell proteins (9, 13) and by DNA hybridization tests (7), lending strong support to the applicability of the restriction enzyme method for mycoplasma classification. The question of whether the two U . urealyticum clusters represent two different species or subspecies of the same species requires consideration of all available serological and biochemical data, in view of the still i!l-.iefined species concept in procaryotes. Nevertheless, the pronounced difference between the cleavage patterns of the two chromosomes of the two clusters of serovars indicates that these groups are genetically different and therefore might represent two different species, if indeed genome structure is accepted as the basis for classification of procaryotes. The almost identical cleavage patterns of the five M . pneumoniae strains obtained with all of the restriction enzymes tested demonstrate the high degree of genetic homogeneity within this species. This conclusion is also supported by the findings that the same strains are essentially indistinguishable by standard serological techniques and by one-dimensional polyacrylamide gel electrophoresis of their cell proteins (6). The M . pneumoniae strains used in our study were isolated in different laboratories and differed greatly in number of in vitro transfers, virulence for hamsters, and adherence ability. The possibility that the small differences observed in some of the cleavage patterns (Fig. 5 ) may be correlated with differences in virulence or adherence capacity is intriguing and should be investigated further.
An advantage of the restriction enzyme method compared with methods in which cell proteins are analyzed is the insensitivity of the restriction enzyme method to contamination by growth medium components. Most mycoplasmas, including U. urealyticurn, require complex media containing serum for growth. Serum proteins usually adsorb onto the mycoplasma cell surface or precipitate and cosediment with the cells during harvesting and washing (5, 18, 24), so that the electrophoretic patterns of mycoplasma cell proteins frequently contain bands or spots of serum proteins, which complicate the interpretation of data (14, 24). This problem is most pronounced with ureaplasmas. The extremely poor growth of these organisms in the media presently available (about lo6 to lo7 col-W I N , HARASAWA, AND BARILE or-changing units per ml) yields on harvest pellets consisting mostly of precipitated medium components, including serum proteins (1 1, 19). To overcome this obstacle, it is necessary to label the proteins of the organisms by incorporating radioactive amino acids into the growth medium, a costly procedure. Cell protein analysis is only an indirect means for assessing genetic relatedness, as some genes may not be expressed under certain growth conditions. The restriction enzyme technique requires very little DNA (3 to 5 pg is sufficient). Moreover, unlike the DNA hybridization tests, it is not necessary to label the DNA. The presence of significant quantities of extrachromosomal DNA may obviously alter the cleavage patterns of chromosomal DNA and thus complicate the interpretation of data. However, a survey of a large number of Mycoplasma species and U. urealyticum serovars failed to detect extrachromosomal DNA (Harasawa and Barile, in press); this was also supported by the presence of a single band of undigested DNA in our electropherograms when the endonuclease was omitted from the reaction mixture.
The use of several restriction endonucleases in an analysis of the DNA of an organism has the advantage of providing more patterns for comparison of strains. For classification purposes the enzymes which cut the DNA molecules at only a few sites have the advantage of producing cleavage patterns which are easier to compare. An enzyme like BamHI, which cuts the U.
urealyticum chromosome at only a few sites, provides sufficient data to separate the serovars into two clusters. Nevertheless, the multiband cleavage patterns produced by EcoRI, HindIII, XbaI, and HpaI, although more difficult to compare, provide more meaningful information concerning the degree of genetic relatedness among strains. In this case, identity or close similarity of cleavage patterns indicates the presence of nucleotide sequence homologies at multiple sites along the chromosome.
